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By computing the double-resonant Raman scattering cross-section completely from first principles
and including electron-electron interaction at the GW level, we unravel the dominant contributions
for the double-resonant 2D-mode in bilayer graphene. We show that, in contrast to previous works,
the so-called inner processes are dominant and that the 2D-mode lineshape is described by three
dominant resonances around the K point. We show that the splitting of the TO phonon branch in
Γ −K direction, as large as 12 cm−1 in GW approximation, is of great importance for a thorough
description of the 2D-mode lineshape. Finally, we present a method to extract the TO phonon
splitting and the splitting of the electronic bands from experimental data.
PACS numbers: 78.30.-j, 78.67.Wj, 81.05.ue, 63.22.Rc
Double-resonance Raman spectroscopy provides a ver-
satile tool for investigating the electronic structure and
phonon dispersion of graphitic systems by tuning the
laser energy [1]. In particular, the D and 2D Raman
modes allow to investigate structural changes, such as
the number of layers, disorder, strain and doping in the
sample [2–8].
Especially the distinction between single, bi-, and few-
layer graphene via measuring the 2D mode attracted
great attention due to its simplicity [2]. In single-layer
graphene, the double-resonance is often simplified to one
single scattering process, well describing the experimen-
tal peak shape of the 2D mode. Up to now, the 2D
mode in bilayer graphene is described and interpreted
within the framework of four scattering processes. Each
process was assigned to a different spectral feature in
the 2D-mode lineshape, phenomenologically explaining
the observed peakshape [2]. All successive studies on the
2D mode in bilayer graphene relied on this assignment
[9–14]. Furthermore, the 2D mode in bilayer graphene
has been mainly discussed in terms of outer processes
[2, 9–11, 14]. However, the importance of inner processes
was shown both theoretically and experimentally for the
2D mode in single-layer graphene [5, 15, 16]. In bilayer
graphene, only very few works considered the possibility
of contributions from inner processes, but were still ne-
glecting the splitting of the two TO (transversal optical)
phonon branches [12, 13]. Hence, the role of different con-
tributions to the double-resonance in bilayer graphene is
still under discussion and needs final clarification.
In this letter, by completely calculating the double-
resonant Raman cross-section from first principles and by
comparing with experimental spectra for different laser
energies, we unravel the dominant scattering processes
in bilayer graphene. In contrast to previous works that
explained the 2D-mode lineshape with four independent
scattering processes [2, 9–14], we show that the 2D mode
is described by three dominant resonances around the K
point from inner processes plus a weaker contribution
from outer processes. We show that the GW correction
to the TO phonon branch leads to a much larger TO split-
ting than in LDA approximation. This splitting cannot
be neglected; we present an analysis to directly derive the
TO phonon and electronic splitting in bilayer graphene
with high accuracy.
Experimental Raman spectra were obtained from free-
standing bilayer graphene in back-scattering geometry
under ambient conditions using a Horiba HR800 spec-
trometer with a 1800 lines/mm grating with spectral res-
olution of 1 cm−1. During all measurements the laser
power was kept below 0.5mW to avoid sample damaging
or heating. Spectra were calibrated by standard neon
lines. The freestanding bilayer graphene enables us to
probe the intrinsic 2D-mode lineshape, ensuring an ac-
curate extraction of the fitting parameters [16], following
the model of Basko [17].
In Bernal-stacked bilayer graphene the pi orbitals give
rise to two valence and two conduction bands, denoted
as pi1, pi2 and pi∗1 , pi∗2 . Bilayer graphene possesses two TO
phonon branches, each one degenerate with an LO (lon-
gitudinal optical) branch at Γ. At Γ the TO branches are
split into a symmetric and an anti-symmetric vibration.
The symmetric TO phonon is an in-phase vibration be-
tween the lower and upper layer and exhibits Eg symme-
try in the point group D3d, whereas the anti-symmetric
vibration is out-of-phase (Eu symmetry). Our calculated
frequency splitting at Γ is approx. 5 cm−1, compara-
ble with the experimentally observed 6 cm−1 splitting
in graphite [18]. Along the Γ − K direction, the GW -
calculated TO splitting increases to values as large as
12 cm−1, whereas the splitting in LDA is approximately
two times smaller. The displacement patterns of the TO
vibrations change away from Γ, we however extend the
labeling of the phonon branches throughout the BZ.
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Figure 1. Schematized illustration of the 2D-mode scattering processes along the Γ−K−M−K′−Γ high-symmetry direction for
(a) symmetric and (b) anti-symmetric processes. Inner and outer processes are marked with red and blue traces, respectively. (c)
Goldstone diagram for a double-resonant e-h scattering process P ljmi. (d) GW -corrected phonon dispersion of bilayer graphene
close to K, showing the TO splitting in Γ−K direction.
The double-resonant 2D mode is a second-order Ra-
man process, involving two TO phonons with wave vec-
tor q 6= 0. The process can be divided into four vir-
tual transitions, (i) creation of an electron-hole pair by
a photon with energy ~ωL, (ii) scattering of an elec-
tron/hole state by a phonon with wave vector q, (iii)
scattering of an electron/hole state by a phonon with
wave vector −q and, (iv) recombination of the electron-
hole pair. The observed frequency of this process is twice
the phonon frequency at q. As we have explicitly veri-
fied, the processes where one phonon is scattered by an
electron and one phonon is scattered by a hole (diagrams
of the kind shown in Fig. 1), are, by far, the most dom-
inant contribution to the Raman cross-section [15]. We
will refer to these processes as electron-hole scattering
(e-h scattering). The scattering processes can be further
divided into symmetric/anti-symmetric and inner/outer
processes. Symmetric processes are scattering events be-
tween equivalent electronic bands at K and K ′, whereas
for an anti-symmetric process the band index is chang-
ing. We refer to the term inner process, if the resonant
phonon wave-vector stems from a sector of ±30◦ next to
the K−Γ direction with respect to K. Conversely, outer
processes have phonon wave-vectors from ±30◦ next to
theK−M directions [Fig. 2(a)]. To simplify the labeling
of the scattering processes, we enumerate the electronic
bands starting from the energetically lowest band near
K. Every scattering process P ljmi is then uniquely de-
fined by four indices that are given by the band indices
of the initial electron m, of the excited electron l, of the
scattered electron j, and of the scattered hole i. Since
the incoming light couples mostly to only two (1→ 4 and
2 → 3) of the four possible optical transitions, four dif-
ferent combinations of e-h scattering are allowed [2, 19].
These are the symmetric processes P 4411 and P 3322 and the
anti-symmetric processes P 4312 and P 3421 .
Following Ref. [15], the two-phonon (pp) double-
resonant Raman intensity is
I(ω) =
1
Nq
∑
q,ν,µ
Ippqνµδ(ωL − ω − ων−q − ωµq)
[n(ων−q) + 1][n(ω
µ
q) + 1], (1)
where ωµq and n(ωµq) are the phonon frequencies and
the Bose distributions for mode µ, respectively [20].
The probability of exciting two phonons is Ippqνµ =∣∣∣ 1Nk ∑k,βKppβ (k,q, ν, µ)∣∣∣2, where the matrix elements
Kppβ (k,q, ν, µ) are defined by expressions involving the
electron and phonon band dispersion, the electron-
phonon coupling gµkn,k+qm and the electron-light Dkn,km
matrix-elements throughout the full BZ (see appendix A
of Ref. [15]). Here, k refers to the electron wave-vector
and β labels the different possibilities of electron and hole
scattering. We want to remind the reader of the impor-
tance of quantum interference in the double-resonance
process. Scattering processes with the same final state
(q, µ, ν) but different intermediate states can observe in-
terference. Consequently, scattering processes at differ-
ent q do not interfere. In most previous works on the 2D
mode in bilayer graphene, the interference between dif-
ferent processes was completely neglected. However, as
will be shown later, quantum interference has remarkable
impact on the 2D-mode lineshape in bilayer graphene.
Due to the difficulties in obtaining gµkn,k+qm and
Dkn,km directly from first principles, previous publica-
tions used matrix elements derived from tight-binding
models [15, 21, 22]. Here, we overcome this difficulty by
using Wannier interpolation [23] of the electron-phonon
and the electron-light matrix elements, as developed in
Ref. [24]. We first calculate from first principles in LDA
approximation [25] the unscreened electric dipole and the
screened electron-phonon matrix elements on a 64 × 64
electron-momentum grid and a 6 × 6 phonon momen-
tum grid. We then interpolate them to denser 480× 480
electron-momentum grid randomly shifted from the ori-
gin and a 12288-points phonon momentum grid, cover-
ing a sufficiently large region around the K points. The
phonon bands were Fourier interpolated from a 12 × 12
phonon momentum grid. The electronic, the TO phonon
bands, and gµkn,k+qm were GW -corrected, following the
approach given in Ref. [15] (see SI [30]). The electron
broadening γ was chosen to be twice as large as that in
Ref. [15] to account for additional electron-electron in-
teraction [26], namely γ = 0.081832 × (~ωL/2 − 0.1645)
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Figure 2. (a) Illustration of the phonon wave-vector sectors
for inner (red) and outer (blue) processes around the K point.
The solid and dashed white lines denote the K−M and K−Γ
high-symmetry lines, respectively. (b)-(d) Plots of the nor-
malized 2D-mode scattering cross-section Iq around the K
point for different laser energies.
eV. This choice gives better agreement with experiments
(SI). Finally, the δ-function in Eq. (1) is broadened with
an 8 cm−1 Lorentzian [27].
Fig. 2 presents calculated contour plots of Iq =∑
ν,µ I
pp
qνµ for the double-resonant 2D mode in bilayer
graphene for various ~ωL. Three resonances around the
K point contribute to the 2D mode. These regions are
attributed to, from inside to outside, the P 4411 , the anti-
symmetric P 4312 and P 3421 , and the P 3322 processes. As
the resonant phonon wave-vectors of the anti-symmetric
processes are nearly degenerated, the resulting phonon
frequencies are very similar, disproving previous assign-
ments of anti-symmetric processes to different spectral
features of the 2D mode [2, 9–14]. Furthermore, the
dominant contributions to the 2D-mode scattering cross-
section stem from the K−Γ direction which can be iden-
tified with inner processes.
We will now turn our discussion to the calculated Ra-
man spectra of the 2D mode in bilayer graphene. Fig.
3 compares the calculated Raman spectra with spectra
from freestanding bilayer graphene at different ~ωL. The
overall agreement between calculation and experimental
data is very good, although there is a slight mismatch in
frequency. The calculated frequencies are approximately
10 cm−1 too high, yet our calculations reproduce the line-
shape of the 2D mode, i.e., the relative intensities of the
different contributions, very well.
Fig. 4 shows the decomposition of the calculated 2D-
mode spectrum at 1.96 eV excitation energy into its dif-
ferent contributions. The decomposition for other ~ωL is
accordingly (SI). As in single-layer graphene, we confirm
that in bilayer graphene the e-h scattering processes dom-
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Figure 3. Comparison of calculated 2D-mode spectra with
Raman spectra from freestanding bilayer graphene at different
~ωL. Calculations and experimental data are shown as red
and black curves, respectively. Spectra are normalized and
vertically offset.
inate compared to all other scattering paths. Further-
more, inner processes dominate over outer ones. By ex-
plicitly decomposing the 2D mode into the four different
processes in Fig. 4(b), we find that the symmetric P 4411
and P 3322 processes are on the low- and high-frequency side
of the 2D mode, respectively. The frequencies of the anti-
symmetric processes are in between the symmetric contri-
butions and nearly degenerate, as already inferred from
Fig. 2. This disagrees with all previous works [2, 9–14],
attributing substantially different phonon frequencies to
the anti-symmetric processes. As seen in Fig. 4(b), the
decomposition of the single processes is not additive, i.e.,
the sum of the four processes does not yield the total
spectrum. This can be directly attributed to quantum in-
terference effects between the anti-symmetric processes.
By decomposing the spectrum into the single processes as
in Fig. 4(b), interference between the P ljmi is prohibited.
However, P 4312 and P 3421 exhibit a large overlap in recipro-
cal space and interfere constructively. Decomposing the
total spectrum into symmetric and anti-symmetric con-
tributions and thus allowing interference between those
processes yields the spectrum in Fig. 4(c). This decom-
position is additive. The constructive interference has
remarkable impact on the 2D-mode lineshape, i.e., the
intensity of the anti-symmetric processes is drastically
enhanced, highlighting the importance of quantum inter-
ference effects in the double-resonance process.
Up to now, we described the 2D mode in terms of
three dominant resonances that split up into inner and
outer contributions. Thus, one might expect six sepa-
rate peaks in the 2D-mode spectrum in total. This is in
contrast to the experimentally observed lineshape, where
usually three or four peaks can be distinguished. How-
ever, the decomposition in Fig. 4(a) and (b) shows that
inner and outer contributions for the P 4411 , P 4312 , and P 3421
processes are nearly degenerate in frequency, thus reduc-
ing the number of observable 2D-mode peaks for these
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Figure 4. Calculated 2D-mode spectra at 1.96 eV excitation energy. Decomposition of the calculated spectra into (a) e-h
scattering processes, as well as inner and outer contributions, (b) the four different scattering processes P ljmi (without interference
between the different processes), and (c) into symmetric and anti-symmetric processes (including interference). (d) and (e)
show the experimental values for the electronic and TO phonon splitting, respectively. The solid (red) and dashed (blue) lines
denote the DFT calculated splittings in inner and outer direction, respectively. Open, green circles are data points from Ref.
[11]. Filled, black circles represent data points from this work.
processes to two. Only the P 3322 process exhibits a split-
ting between inner and outer contributions that is large
enough to be detected in experiments; it is responsible
for the third and fourth peak in the 2D-mode lineshape.
Therefore, in experiments the 2D mode should be fitted
with four peaks, where the assignment of the peaks, from
lowest to highest frequency, is P 4411 , P 4312 /P 3421 , inner P 3322 ,
and outer P 3322 . In previous works, the inner P 3322 con-
tribution was erroneously assigned to an anti-symmetric
scattering process, whereas the outer contribution, i.e.,
the small high-frequency shoulder of the 2D mode, was
attributed to a symmetric process. Here, we showed that
these two peaks result from the same scattering process
(P 3322 ). Our assignment of the third and fourth 2D-mode
peaks to inner and outer P 3322 contributions is supported
by recent experiments on strained bilayer graphene [28].
Due to different dispersions of inner and outer processes,
both contributions to P 3322 merge with increasing laser en-
ergy. Therefore, at higher laser energies the fourth peak
vanishes. This can be seen in the spectrum of the free-
standing bilayer graphene at 2.54 eV excitation energy in
Fig. 3. Here, the small high-frequency shoulder cannot
be identified any more, giving further evidence to our as-
signment of the three dominant contributions to the 2D
mode in bilayer graphene.
In previous works, the TO splitting in bilayer graphene
has always been neglected in the double-resonance, as
only outer processes were considered and the TO splitting
along K−M is of the order of 1.5 cm−1 [2]. However, we
proved that inner processes are dominant. In fact, along
K − Γ the TO splitting is as large as 12 cm−1 in GW
approximation. We observe that the dominant contribu-
tions to symmetric processes stem from scattering with
symmetric TO phonons, whereas the dominant contribu-
tions to anti-symmetric processes result from scattering
with anti-symmetric TO phonons (see SI).
The fact that symmetric and anti-symmetric processes
couple to different phonon branches has remarkable im-
pact on the 2D-mode lineshape. If all scattering pro-
cesses would couple to the same phonon branch, all con-
tributions would be equidistantly spaced in frequency.
This is true for outer contributions [Fig. 4(a)], since the
TO splitting alongK−M is neglibile. However, the dom-
inant contributions stem from inner processes and there-
fore, the TO splitting must be taken into account. Since
the inner anti-symmetric processes couple to the ener-
getically higher TO branch along K −Γ, their frequency
is upshifted with respect to the center between the sym-
metric processes. This upshift is a direct measure of the
TO splitting and can be easily accessed experimentally.
Furthermore, one can also extract the splitting of the
electronic bands from the 2D-mode spectrum, as this pa-
rameter is directly connected to the frequency difference
between the symmetric processes and the laser-energy de-
pendent shift rate of the 2D mode (see SI). Figures 4(d)
and (e) present the measured TO phonon and electronic
splitting in comparison with data from DFT+GW cal-
culations. As can be seen, the experimental values are
in good agreement with the calculated curve along the
inner direction. However, a discrepancy in the TO split-
ting between theory and experiment can be observed for
q vectors close to K. The TO phonon splitting is largest
along Γ−K and decreases away from this high-symmetry
line. Since also phonons away from the high-symmetry
direction contribute to the double resonance [29], the ex-
perimentally measured TO splitting is expected to be
smaller than theoretically predicted along Γ−K. Thus,
the theoretical curves should represent lower and upper
limits for the experimental values. The fact that the ex-
perimental data is also outside those boundaries indicates
that the commonly assumed GW correction might still
underestimate the TO splitting, which is probably larger
than 15 cm−1 close to K. Finally, we should note that
all results for the 2D mode in bilayer graphene are also
5valid for the D mode.
In conclusion, we demonstrated that the double-
resonant 2D Raman mode in bilayer graphene is de-
scribed by three dominant contributions, contradicting
all previous works on this topic. We showed that in-
ner processes contribute most to the Raman scattering
cross-section, as in single-layer graphene. Moreover, we
demonstrated that the TO phonon splitting is of great
importance for a correct analysis of the 2D-mode line-
shape. The TO phonon and electronic splitting can be
directly extracted from experimental Raman spectra us-
ing the presented analysis. Our results highlight the key
role of inner processes and finally clarify the origin of the
complex 2D-mode lineshape in bilayer graphene.
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GW correction to the TO phonon modes in bilayer graphene
Phonon dispersions are obtained from ab initio DFT calculations in the linear-response scheme and corrected with
GW , similar to what was done in Refs. [1–3] for single-layer graphene. In more detail, we correct the dispersion of
the two TO branches near K, namely we define
(ωGWqν )
2 = 0.5× erfc
( |q−Kα|a0/2pi − 0.2
0.05
)
× [(αK − 1)(ωDFTqν )2 + ∆] (1)
where erfc( ) is the error function, ν = 1, 2 is a label for the two TO branches, a0 is the graphene lattice constant,
and Kα is the closest vector to q among those equivalent to K. The constants αK and ∆ are defined as αK = 1.61
and ∆ = 42.195 Ryd2 and are identical for both TO phonon modes.
In order to apply the GW correction to all phonon wave vectors in the Brillouin Zone, we use the phonon frequency
Wannier interpolation method developed in Ref. [4] section III D. The comparison between the DFT and DFT+GW
phonon branches is shown in Fig. 1. In previous calculations at the GW level, the splitting of the two TO branches
along Γ − K was found to be negligible and similar to that along K −M [5], in contradiction to our results. This
discrepancy is explained by the coarse 6 × 6 phonon-momentum mesh used in Ref. [5] and the use of Fourier
interpolation. In our case, this error is not present due to the use (i) of a larger phonon momentum grid (12 × 12)
and (ii) of a Wannier interpolation scheme to obtain phonon frequencies at any electron and phonon momentum in
the Brillouin zone with high accuracy [4].
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Figure 1. (a) Comparison of TO phonon frequencies in bilayer graphene calculated in LDA approximation (blue curve) and
with GW correction (red curve). LO and LA phonon branches were not GW corrected. The numbers along the LO and TO
branches refer to their branch indices at this specific wave vector. (b) Splitting of the two TO phonon branches along the
Γ−K −M high-symmetry direction in bilayer graphene. Colors are chosen as in (a).
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Figure 2. Calculated Raman spectra of the 2D mode for different broadenings γ and with/without GW correction for the TO
phonons in comparison with experimental spectra from freestanding bilayer graphene.
Influence of electronic broadening and GW correction on the calculated Raman spectra
The electronic broadening γ in our calculations was calculated according to
γ = 0.081832×
(
~ωL
2
− 0.1645
)
eV, (2)
where ~ωL represents the laser excitation energy. Using this formula, we found very good agreement between the
calculated 2D-mode spectra and the experimentally observed lineshape. Using Eq. (2) for calculation of the electronic
broadening yields values twice as large as in Ref. [3]. However, Ref. [3] only considered electron-phonon interactions
for the derivation of the broadening and neglected electron-electron interaction. However, it was shown recently by
Mak et al. that electron-electron interaction can contribute as much as electron-phonon interactions to the decay
rate of excited charge carriers [6]. In fact, the decay rates nearly double by including electron-electron interaction.
Another recent work on the optical properties of bilayer graphene used electronic broadenings as large as 125meV,
but argued that the real value must be even larger to reproduce the broad excitonic M -point absorption peak [7].
Figure 2 compares experimental and theoretical spectra calculated with different electronic broadenings γ for different
laser excitation energies. For comparison, the spectra are normalized to the contribution of the anti-symmetric pro-
cesses. As can be seen, the spectra calculated with electronic broadenings 0.5×γ do not reproduce the experimentally
observed lineshape. In contrast, spectra that were calculated using electronic broadening from Eq. (2) show good
agreement with experimentally obtained spectra.
Figure 2 also shows the influence of the GW correction on the calculated spectra. As already inferred in Fig. 1, the
calculated Raman spectra, where DFT-calculated phonon frequencies were used, exhibit frequencies that are clearly too
high. Furthermore, the overall linewidth of the calculated spectra does not fit the experimentally observed lineshape,
i.e., the calculated lineshape is too narrow (the same phonon broadening of 8 cm−1 was used for all calculations). In
contrast to the DFT+GW calculated phonon dispersion, the TO phonon branch exhibits a reduced slope in LDA
approximation. Thus, the frequency separation of the different scattering processes in LDA approximation is smaller
and, therefore, the linewidth is reduced. Spectra, where the DFT+GW calculated TO frequencies were used, show
good agreement in both the absolute frequencies and the overall linewidth of the 2D mode with measured spectra of
freestanding bilayer graphene.
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Figure 3. Calculated spectra along the Γ−K −M high-symmetry direction. The black curve represents the calculated spectra
without any restrictions on the phonon indices in Eq. (3). The contributions from scattering with symmetric phonons (ν =sym,
µ =sym) is shown in red, contributions from scattering with anti-symmetric phonons (ν =asym, µ =asym) is shown as a blue
curve. Contributions to the 2D mode that result from scattering with both symmetric and anti-symmetric phonons are depicted
with a green curve.
Contributions to the 2D mode from scattering with different TO phonons
The coupling of different scattering processes to different TO branches in the 2D-mode double-resonance process of
bilayer graphene has never been considered so far. In order to separate the different contributions from the two TO
phonon branches to the 2D-mode Raman scattering cross-section we proceeded as follows. We calculated the overlap
between the eigenvectors of the six highest phonon branches with the symmetric and anti-symmetric TO vibration
at a q vector along the K − Γ direction very close to K. Since outside the high-symmetry directions the symmetric
and anti-symmetric TO branches cannot be separated univocally by their vibration pattern, we only considered the
TO branches along the Γ −K −M high-symmetry direction in this analysis. Next, we restricted the summation of
the two-phonon double-resonant Raman intensity [3]
I(ω) =
1
Nq
∑
q,ν,µ
Ippqνµδ(ωL − ω − ων−q − ωµq)[n(ων−q) + 1][n(ωµq) + 1] (3)
to the indices ν, µ of the symmetric (sym) or anti-symmetric (asym) TO branches along Γ−K −M . The calculated
spectra for this separation are shown in Fig. 3 for different laser excitation energies. As can be seen, the dominant
contribution to the symmetric processes stems from scattering with symmetric TO phonons. Vice versa, the dominant
contribution to the anti-symmetric processes stems from scattering with anti-symmetric TO phonons. Scattering with
the combination of symmetric and anti-symmetric TO phonons gives only minor contribution to the 2D-mode intensity.
Calculation of the TO phonon and electronic splitting
The TO phonon and electronic splitting in bilayer graphene can be easily obtained from the measured 2D-mode
spectra. First, we want to recall the assignment of the observed 2D-mode peaks, from lowest to highest frequency, to
the different scattering processes, which is as follows:
peak 1 → P 4411 (sym.), peak 2 → P 4312 /P 3421 (anti-sym.), peak 3 → inner P 3322 (sym.), peak 4 → outer P 3322 (sym.)
As discussed in the main text of this letter, the P 3322 peak splits up into an innner and outer contribution, which is
clearly observable for smaller laser excitation energies. For the calculation of the TO phonon and electronic splitting
we used the inner component, i.e., the third 2D-mode peak, as we want to investigate the TO splitting along K − Γ
and the electronic splitting along the K −M direction. Figure 4(a) shows an exemplary fit of a measured 2D-mode
spectrum at 2.33 eV laser energy using a fit of the form
f(ω) =
4∑
i=1
ai · fi (ω, ωi,Γi) , (4)
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Figure 4. (a) Exemplary fit of a experimental 2D-mode spectrum from freestanding bilayer graphene at 2.33 eV laser excitation
energy with four peaks based on the model proposed by Basko [8]. The solid red curve represents the fit to the experimental
spectrum. The peak positions of the single peaks are marked with dashed lines, the center between the symmetric scattering
processes is shown by the dotted line. The upshift of the anti-symmetric processes with respect to the center between the
symmetric contributions is indicated. (b) Resonant phonon wave-vectors in the phonon dispersion of bilayer graphene for
2.33 eV laser excitation energy. The dashed, gray arrow indicates the phonon frequency of the P 4312 process, if all processes
would couple to the same phonon branch. The upshift of the anti-symmetric processes due to coupling to the energetically
higher TO branch is indicated.
where
fi (ω, ωi,Γi) =
(
Γ2i
4 (−1 + 22/3) (ω − ωi)2 + Γ2i
)3/2
(5)
is a normalized function following the model of Basko [8]. Here, ai reflects the peak amplitude, ωi represents the
central peak frequency and Γi is the full width at half maximum (FWHM). Fitting parameters for different laser
excitation energies are given in Tab. I. In Fig. 4(a) the peak positions of the P 4411 , P 4312 , and inner P 3322 processes
are marked by vertical dashed lines. Furthermore, the center between the symmetric processes P 4411 and inner P 3322
is indicated by a dotted line. Since the main contribution to the anti-symmetric scattering processes stems from
the energetically higher TO phonon branch along Γ−K, their frequency ω4312 is upshifted with respect to the center
between the symmetric processes 1/2 × (ω4411 + ω3322). This upshift is directly related to the TO phonon splitting.
In fact, the observed upshift is two times the TO splitting, since the 2D mode is a two-phonon process. Fig. 4(b)
shows the situation in a different way. Here, the resonant phonon wave-vectors for the double-resonance process in
bilayer graphene with 2.33 eV laser energy are shown. The dashed, gray arrow indicates the phonon frequency of
the anti-symmetric process, if this process would result from scattering with symmetric TO phonons. As we already
know, the main contribution stems from scattering with anti-symmetric TO phonons and therefore, the frequency of
these processes is upshifted. The effect can be easily seen in this figure. For the calculation of the electronic splitting,
the frequency difference between the symmetric processes is divided by the dispersion of the 2D-mode peaks with
laser excitation energy. Thus, the TO phonon and electronic splitting can be calculated using the following formulas
∆ω =
1
2
(
ω4312 −
ω4411 + ω
33
22
2
)
and ∆ε =
ω3322 − ω4411
dω/d~ωL
,
where ωljmi refers to the peak positions of processes P
lj
mi and dω/d~ωL is the laser-energy dependent shift rate of the
2D-mode peaks. It is important to notice that the 2D-mode dispersion is non-linear, as can be seen from Ref. [9].
We used a quadratic fit to the data points to obtain the dispersion.
Decomposition of the 2D mode spectra for different laser energies
Figure 5 presents the decomposition of the 2D mode into the different contributions at different laser excitation
4
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Table I. Fitting parameters of experimentally obtained and theoretically calculated 2D-mode spectra in bilayer graphene for
different laser excitation energies. For laser energies above 1.96 eV, the calculated spectra are fitted with three peaks because
the fourth peak cannot be resolved any more.
experiment
ωL ω1 Γ1 a1 ω2 Γ2 a2 ω3 Γ3 a3 ω4 Γ4 a4
[eV] [cm−1] [cm−1] [arb. u.] [cm−1] [cm−1] [arb. u.] [cm−1] [cm−1] [arb. u.] [cm−1] [cm−1] [arb. u.]
1.96 2598.0 24.5 0.185 2642.3 21.0 0.769 2664.1 29.2 0.554 2684.3 21.5 0.228
2.33 2645.6 24.1 0.183 2678.8 19.1 0.691 2699.3 28.2 0.787 2716.7 20.0 0.254
2.41 2651.3 24.1 0.192 2682.8 20.1 0.676 2703.2 29.5 0.829 2718.9 20.1 0.285
2.54 2668.4 22.2 0.190 2696.8 22.8 0.672 2719.2 29.6 0.872 2732.0 19.7 0.206
calculations
ωL ω1 Γ1 a1 ω2 Γ2 a2 ω3 Γ3 a3 ω4 Γ4 a4
[eV] [cm−1] [cm−1] [arb. u.] [cm−1] [cm−1] [arb. u.] [cm−1] [cm−1] [arb. u.] [cm−1] [cm−1] [arb. u.]
1.96 2607.8 22.1 0.166 2655.8 24.4 0.934 2685.0 28.2 0.467 2696.8 15.8 0.294
2.33 2649.1 23.9 0.182 2691.7 30.6 0.932 2725.0 25.6 0.764
2.41 2657.1 25.3 0.175 2699.0 32.6 0.922 2732.2 26.3 0.797
2.54 2668.4 24.3 0.149 2710.5 38.0 0.875 2744.1 28.0 0.810
energies. As already stated in the main part of our letter, the decomposition for laser energies up to 2.54 eV follows
that for 1.96 eV.
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Figure 5. Decompostion of the calculated Raman spectra for four different laser excitation energies into (a) inner and outer
contributions, as well as only e-h scattering, (b) the four different scattering processes (without interference between the single
processes), and (c) symmetric and anti-symmetric scattering processes (including interference).
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